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1 

GLASSES AND GLASS-CERAMICS AND 
PRODUCTS MADE THEREFROM 

This is a division of application Ser. No. 229,959, 
now US. Pat. No. 3,841,950, ?led Feb. 28, 1972 which 
is relied upon and the entire disclosure and speci?ca 
tion of which is hereby incorporated by reference. 
Which in turn is a continuation-in-part of copending 
US. Pat. application Ser. No. 146,664, ?led May 25, 
1971 now abandoned. 
In U.S. Pat. application Ser. No. 30,859 filed‘A‘pr. 22, 

1970, and in U.S. Pat. application Ser. No. 146,665 
?led May 25, 1971, both of which are assigned to Ow 
ens-Illinois, lnc., assignee of the present application 
(the disclosure of each of which is incorporated herein 
by reference and thus forms a part of this application), 
there are disclosed several embodiments of heat ex 
changers, namely recuperators and regenerators for 
use with gas turbine engines for various automotive 
vehicles, including automobiles, trucks, busses, and ‘the 
like, together with a full disclosure as to how to make 
such heat exchangers. 

In each embodiment of the disclosures, the regenera 
tive heat exchanger comprises a matrix of integrally 
fused tubes forming a series of vsmooth longitudinal 
parallel passageways therethrough, wherein the walls 
de?ning the passageways are nonporous and consist 
essentially of an inorganic crystalline oxide ceramic 
material having an average lineal coefficient of thermal 
expansion of about —1 2 to +12 X 10"/",C. (0°-30.0°C.). 
The walls of thev passageways also have a maximum 
thickness of about 0.03 to 0.002 inches through por 
tions of such walls common to adjacent fused tubes. 
The ratio of the diameter of the passageways. to the 
aforementioned thickness is at least 3 and the matrix 
has an open frontal area of at least 60%. Furthermore, 
the matrix walls have a thermalconductivity at 400°C. ‘ 
of less than 0.01 cal/cm/sec/cm2/°C. 

In the aforementioned US. Pat. application Ser. No. 
30,859 and in the later ?led application Ser. No. 
146,665 which is a continuation-in-part of Ser. No. 

5 

. 2 

in the matrix and form a rigid support for the elongated 
tube, A plurality of the matrix tubes disposed about the 
elongated‘tube ,have open pa‘ssageways‘which are in 
communication with the elongated tube and receive 
the flow‘o'f gas effluents therefrom. These matrix tubes 
de?ne a second reaction zone for the gas effluents and 
connect with outlet means to permit passage of gas 
therefrom. ~ 

During their operation, the regenerators, recupera 
tors, and exhaust reactors described in the aforemen 
tioned pending patent application are subjected to 
extremely high temperatures of about 1,500° F. and 
more for extended periods of time-When the various 
components of such devices are formed of an inorganic 
crystalline oxide ceramic material, such material must 
have thermal stability to withstand such high tempera 
tur'es, i.e.', its coefficient of thermal expansion, its mod 
ulus of‘ rupture, it'islstruct'ural'dimensions, and other‘ 
properties must not change to any appreciable extent 
upon ‘exposure to such high temperatures over ex 
tended periods of time. . p 

The coef?cient of thermal expansion must be low so 
that any rapid heating or cooling of the ceramic mate 
rial components will not cause any build-up of thermal 
stresses and result in breakage of the component. i 
The modulus of rupture must be high so that such 

components can withstand the wear. and tear inherent 
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in ‘normal operations of the gas turbines and automo 
tive vehicles. Such strength must be maintained at the 
high temperaturesof at least l,500° F. to which such 
components are normally subjected. 
Heat exchangers, such as regeneraters and recupera 

tors used in gas turbine-engines for- trucks, operate at 
temperatures as high as 1,500° F, and must be able to 

- withstand this temperature for at least 1,000 to‘2,000 
I hours without shattering during the operation of the 
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30.859, there is disclosed a recuperator comprising a 7 
matrix comprising an assembly of integrally fused tubes 
arranged in a plurality of layers of tubes superimposed 
one above the other in successive parallel planes, the 
tubes within each plane being essentially parallel to 
each other and transverse to the tubes in adjacent lay 
ers, the tubes in each layer forming a series of longitu~ 
dinal parallel passageways through the ‘matrix. The 
composition and size of the tubes is substantially the 
same as that of the aforementioned regenerator tubes. 
Because of the arrangement of the layers of tubes in the ' 
recuperator, the open frontal or cross-sectional area of 
each face of the matrix containing passageways is at 
least 32% of the cross-sectional area across each face. 

In U.S. Pat. application Ser. No. 127,127 ?led Mar. 
23, 1971, in the names of Andrew W. Zmuda and Yu 
K. Pei and entitled “Exhaust Reactor for Combustion 
Engine ” (also assigned to the common assignee) the 
disclosure of which is also incorporated herein and 
forms a part of this application, there is disclosed an 
integral monolithic exhaust reactor for a combustion 
engine including a ?rst reaction zone‘ comprising an 
elongated tube for receiving the ?ow of hot glass efflu 
ents from a combustion engine. A matrix comprising a 
plurality of parallel tubes extends longitudinally of and" 
is disposed about the ?rsttubular reaction zone and is 
bonded thereto. The paralleltubes are bonded together 
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truck. Automobile turbine heat exchangers will operate‘ 
at temperatures as high as 1,900° F ., while catalytic and 
thermal reactors which ensure substantially total com 
bustion of exhaust gas effluents of internal combustion 
engines will be subjected to temperatures of about 
1,000° — 1,900° F. Thus, all components of these de 
vices must retain their strengths while being subjected 
to these temperatures ‘over extended periods of time 
and, most importantly, must retain their thermal stabil 
ity during operation, particularly dimensional stability. 
Expansion of less than 250 parts per million when ex 
posed to temperatures of at least 1,500" F. for a period 
of 2,000 hours should be a property of any glass~ 
ceramiccomponent utilized in these heat exchangers 

- and reactors, and preferably such expansion should be 
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less than 100 ppm with, of course, the ideal being an 
expansion of 50 ppm or less at these temperatures over 
these times. ' 

It has now been found that certain thermally crystal 
lizable'glasses having certain narrow, critical composi 
tion limits within the broad area of LizO-AlzOa-siOz 
and Li2O-AlzO3-SiO2-ZnO systems, when shaped .into 
speci?c structures and then thermally in situ crystal 
lized to an at least partially crystalline ceramic (also 
‘referred to as glass-ceramic), impart to such structures 
excellent thermal stability at high‘ temperatures of at ' 
least 1,5003F while simultaneously imparting a high 
modulus of rupture. Furthermore, such ‘structures have 
a coefficient of thermal expansion within th'e'lrange of 

sitions have‘a coefficient of thermal expansion of less 
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than —3 to +3><l0'7/°C. and some are within the range 
of —0.5 to +0.5><10_7/°C.(O°-700°C). 
Thermally crystallizable glass compositions of the 

invention coming within the SiO2-Al2O3-Li2O system 
consist essentially of the following ingredients present 
within the indicated‘ ranges, expressed in weight per 
cent, and also within the indicated molar ratios. 

Ingredient Weight Percent 

55-80 
12-27 
3.2-7.6 

SiO.z 

Nuclcating Agent 

wherein the nucleating agent is either TiO2 or a mixture 
of TiO2 with ZrOZ. Usually, in order to obtain the de 
sired properties, the compositions will consist of 
98-100 weight percent SiO2+Al2O3+Li2O+ the speci 
?ed nucleating agents. When the SiO2/Al2O3 molar 
ratio is from 4 to less than 5, the LEO/A1203 molar ratio 
is from 0.75 to 0.97; when the SiO2/AI2O3 molar ratio is 
from 5 to 7.5, the Li2O/Al2O3 molar ratio is from 0.65 
to 0.97; when the SiO2/AI2O3 molar ratio is more than 
7.5 and less than 9, then the Li2O/AI2O3 molar ratio is 
from 0.8 to 0.97; and when the SiO2/Al2O3 molar ratio 
is more than 9 and up to 10, the Li2O/Al2O3 molar ratio 
is from 0.87 to 0.97. More usually, the weight percent 
ranges of SiOz and A1203 in these compositions are 
628-80 SiO2 and 12.7-26.7 A1203. 
When the nucleating agent is a mixture of TiO2+ZrO2 

then the ZrO2 should not exceed 3% and preferably 
should be less than 3% i.e. up to 2.8% by weight and 
preferably at least 0.5% by weight, and the total 
amount of TiOz plus ZrO2 is at least 3 weight percent 
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raising the TiO2 levels has the result of raising the ther 
mal expansion coefficient of the glass-ceramic. It is 
critical to have at least 3 weight percent nucleating 
agent in the composition. When less than 3 weight 
percent total nucleants are present, the nucleation rate 
is so slow that the heat treatment cycles are excessively 
long and the strength of the glass~ceramic which is 
formed is decreased. When ZrO2 is present in an 
amount of 3 weight percent or more it raises the liqui 
dus of the glass melt and makes more difficult the pro 
cessing of the glass into products. 
Re?ning agents, such as antimony tri-oxide, arsenic 

oxide, or the like, may be present in the composition in 
an amount up to about 0.5 weight percent if such ingre 
dients are deemed necessary for ?ning the glasses. 

In the preferred embodiment of the invention, the 
thermally crystallizable glass comes within the follow 
ing composition ranges wherein the sole essential ingre 
dients, expressed in weight percent, are as follows, and 
wherein the molar ratios are as indicated: 

Ingredient Weight Percent 

SiO2 63 — 78.5 
AIZO3 13.8 — 23 
LiZO ‘ 3.5 - 6.5 

Nuclcating Agent 3 — 9 

wherein the SiO2/Al2O3 molar ratio is from 5 to less 
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than 9. The nucleating agent is as defined above and 
when the SiO2/AI2O3 molar ratio is from 7.5 to less than 
9, the Li2O/AI2O3 molar ratio is from 0.87 to 0.97; and 
when the SiO'2/Al2O3 molar ratio is from 5 to less than 
7.5, the Li2O/Al2O3 molar ratio is from 0.75 to 0.97. 
Representative compositions coming within the scope 
of the present invention are set forth in Table I. 

TABLE I 

Composition , ' 

N0. 1 2 3 4 5 6 7 . 8 9 10 11 

$102 78.3 78.90 75.85 76.45 74.8 73.00 70.85 70.85 70.75 70.80 70.85 
A120J 14.2 13.65 16.10 16.20 17.15 18.45 20.05 20.05 19.75 V 20.05 20.00 
1.120 3.95 4.00 4.50 3.80 4.50 5.00 5.55 5.40 5.55 5.55 5.45 
T102 1.45 1.45 1.45 1.45 1.45 1.45 1.45 1.40 1.40 1.40 1.40 
2:02 1.60 1.60 1.60 1.60} 1.60 1.60 1.60 1.60 1.60 1.60 1.60 
815203 0.30 0.30 0.30 0.32 0.30 0.30 0.30 0.30 0.30 0.30 0.30 
M1120 0.10 0.10 0.10 0.10 0.10 0.10 0.30 0.10 0.10 0.10 
K20 . 0.20 

F820;; 0.45 0.10 
Molar Ratio 
SiO2/Al2O3 10.00 9.80 8.00 8.00 7.40 6.70 6.00 6.00 6.00 6.00 6.00 
Molar Ratio ' 

Lip/A120, 0.95 0.97 0.95 0.80 0.90 0.95 0.95 0.95 0.95 0.95 0.95 

Composition 
NO. 12 13 14 15 16 17 18 19 20 21 22 

5102 70.75 68.00 71.05 71.30 71.50 69.35 67.10 72.00 68.45 64.00 6485 
M203 20.00 22.25 20.10 20.15 20.20 19.60 18.95 20.25 23.25 25.35 25.60 
L120 5.35 6.20 5.30 5.00 4.75 4.55 4.45 4.20 4.75 7.10 6.00 
Tio2 1.40 1.45 1.45 1.45 1.45 6.00 9.00 1.45 1.45 1.45 1.45 
2:02 1.60 1.60 1.60 1.60 1.60 ' 1.60 1.60 1.60 1.60 
$820,, 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 
Nil-20 0.50 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 
K20 

Molar Ratio ‘ 

Sim/A120,, 6.00 5.20 6.00 6.00 6.00 6.00 6.00 6.00 5.00 4.30 4.30 
Molar Ratio 
Lao/141,0, 0.95 0.95 0.90 0.85 0.80 0.80 0.80 0.70 0.70 0.95 0.80 

up to about 9 weight percent. 
While more than about 9 weight percent T102 or total 65 Whenever the glass~ceramic falls outside the range of 

nucleating agent may be used, there is no advantage in 
using such large amounts because the properties of the 
resulting glass-ceramics are not improved. Further, 

ingredients set forth above, either the coef?cient of 
thermal expansion is too high or the dimensional stabil 
ity at high temperatures, and/or the strengths of such 
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glass-ceramics during high temperature operations are 
poor. To show the criticality in the Li-zO/Al2O3 molar 

those in the glass art can readily make the glasses com 
ing within the present embodiment of the invention. 

‘ TABLE ll 

Composition No. 23 

Ingredients 
( Moles) 

Li2O l 
M203 l 1 
SiO: , 6 6 6 6 I 

Heat Treatment 
Temp. °F(Time.Hrs) 2220(2) —* 2l00(2) 
Dimensional Sta 
bility. change in 
ppm: 
at l500°F 

(Timc.Hrs) 
at l900°F 
(Time.Hrs) 

Modulus of Rupture 
(psi, Room Temp.) . 
Coef?cient of 
Thermal Expansion 
x10" (ii-7007C.) 

2200(2) 

#1960000) 

H.600 l L300 l0.500 

-—l04( 2000) 

l5 25 

0.85 0.7 0.6 
l l l > i l 
6 6 6 6 6 

2200(2) 2200(2) 2200(2) 2200(2) 2100(2) 

+35( I00) 

+205(2000) 

-13(_250) 
-l82(2000) —l04(500) +76( I00) 

l0,700 l L500 12200 4300 

‘Samples broke. At Lip/M203 molar ratios of lv the resulting glass could not he heat treated to a glass-ceramic since the samples all broke during the heat treating steps. 

ratio reference is made to Table ll'wherein several 
compositions of the invention having different Li2O/Al 
203 ratios were compared with two compositions which 
were outside the range of the invention because of 
lower ratios. All compositions were melted, drawn as 1/4 
inch rods from the melt, and the glass rods heated to 
form glass-ceramic rods. 1 I l 
The glass rods were heated to their nucleating tern 

perature at a rateof _300°F per hour, and held at that 
temperature for 8 hours. They were then heated to the 
?nishing temperatures set forth in Table II and held 

I there for two hours‘. All rods were then'cooled at 25°F 
per hour to l,500‘°F‘ and then cooled to'room' tempera 
ture at the furnace rate of about 300°F per hour. All 
compositions had a nucleating temperature of 1,350°F. 

25 

.35 

except Compositions l6 and 26which had nucleating. - 
temperatures vof L375? and 1,300°F, respectively. n 
The foregoing heat, treatment schedule was ‘used to 

form the glass-ceramic'rodsf referredv to in all subse; 
40 

quent tables of this‘ application, andfthe; nucleating ' 
temperatures of ‘the particular compositions will be set 
forth in the discussions regarding each tablef 
The following. batch materials were mixed and 

melted in a furnace to form the; glass of Example‘ 16: . 

Parts by Weight Ingredients 
Ottawa silica 3580 
A-lO Alumina l0l6 
Titanox 73 
Lithium Zirconate 108.1 
Sodium Antimonate 20.5 
Lithium Carbonate 488 
Lithium Chloride 47.8 
Lithium Nitrate 27.6 

The sodium antimonate, lithium chloride and lithium 
nitrate are present as re?ning agents for the glass. melt. 
The batch was melted at 2,970°F. for a period of 23 
hours and mechanically stirred during this time. From 
the disclosure of the batch of the foregoing Example, 
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The ,Li2O/Al2O3 molar ratios of 1.05 in Composition 
23 resulted in the glass-ceramics having very poor di 
mensional stability at l,500°F. The expansion of +490 
parts per million after only 10 hours at l,500° F. 
showed that with longer times the expansion would be 
considerably greater and the glass-ceramic would not 
be satisfactory where the product made therefrom 
would be subjected to temperatures of at least l,500°F. 
for extendedperiods of time. Compositions 24 also was 
unacceptable since the glass-ceramic broke during the 
heat treatment. When the Li2O/AlzO3 molar ratio was 
within the, range of 0.95 to 0.70, the resulting glass 
ceramic had good high temperature properties includ 
ing good dimensional stability at l,900° F. However, 
when the molar ratio of Li2O/AlzO3 was as low as 0.6 
and lower as in Compositions 25 and 26, the-resulting 
glass-ceramics had very low strengths. The samplesof ' 
Example 25 were veryweak at the intermediate‘ heat 
treatment step of ‘1,800’ to 2,000" andwere very‘ 
unsatisfactory. ., Compositions of the invention, how 
ever, had modulus of rupture valuesain excess of 10,000 
psi and are. suitable foriuse at highLtiemperatureS over 
long periods of timeibecause of these strengths. The. 
glassy-ceramicof Composition 26 had a coefficient of 
thermal expansion of‘tl8.2 X l0'7(0°—300°C). Such 
compositions are unsuitable for the purposes of this 
invention. _ ' 

Compositions 20, 22, and 29, which are representa 
tive of those coming within the scope of 'the present 
invention, were compared with other compositions 
falling outside of the invention because of too low a 
silica content and a resulting low SiO2/Al2O3 ratio. 
Again, the compositions were melted, glass rods of 
one-fourth inch diameter were drawn out therefrom 
and then heat treated according to the schedule set 
forth in connection with the Table ll compositions and 
the finishing temperatures given in Table III. The nu 
cleating temperatures were l,250° F. for Composition 
28; 1,300° F. for Compositions 22 and 27; and l,350°_ 
F. for Compositions 20 and 29. Various properties of 
the resulting glass-ceramics were then measured. 

TABLE III 

Composition No. 22 27 28 20 29 

ingredients 
(Moles) 

0.95 0.95 0.7 0.7 0.8 
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, , - TABLE, Ill-continued‘ 

Composition No. 22 27 28 . 20 29 

A1203 1 l l _ 1.0 
SiO2 4.3 .3.2 . 4.3 .5 l -- 4.3 

Heat Treatment 
Temp.°F(Timc,Hrs.) 2100(2) 2100(2) 2100(2) 2200(2) 2100(2) 
Dimensional Stability . ‘ 

Parts Per Million 
(Time. Hrs.) ' 

at 1500°F (hrs) —l 5(2000) 729M [00) —79(25()) —8(250) 

Modulus of Rupture 
(psi room temp) 1 1,200 6,100 13.800 11.300 
Coefficient of 
Thermal Expansion \ 

a X10‘7 (0—700°C) +6.8 +5.3 —5.9 +4.2 7.1 

Composition 22 gives excellent high'temperatui‘e' and 
good strength properties. When the SiO2/Al2O3 molar 
ratio is 3.2 as in composition 27, however, the forming 
properties of the glass are very poor becauseof the low , 
silica content and the resulting glass-ceramic also has 
very poor dimensional stability at 1.500913. Thelexpan 
sion after '100 hrs. indicates that 'tli'e‘glass-cerarnics will 
expand considerably more after' longer times at this 
high temperature, thus making it very unsatisfactory 25 
for purposes of this invention. As seen from Composi 
tion 28, a LEO/A120,, molar ratio of 0.7 is'too'low'when‘ 
the SiOZ/AI2O3 ratio is 4.3 and‘results‘ in gla'ss‘c'era‘r'ni'c 
having very low strength values.‘ However,v with the’ 
same low ‘0.7 Lilo/M203 molar filth *1 gqod glass be‘ 3() 
ramic‘ is obtained when ‘the SiO2/Al2O3 ratio is 5, as 

shown by Composition v20. ' ‘I i > ' ' Composition 291 which'has a lower ‘LEO/A120} molar 

ratio than Composition 22, still'pr'oducedl‘ a'glass c'e-g 
ramic having a high‘ modulus, of r‘uptu're'and 'a low 'ex-, 35 
pansion coefficient, comparable to that of Composition 
22‘ ‘ ..,;.t_,__-l-‘t.v.._ .. 

~The effect‘ of U110 ‘on “compositions having "aihig‘h‘ 
SiO2/A1‘2O3'r'atio was ascertained and’the resultsare set‘ 
forth in Table IV. Again, ‘each composition ' 1156* its 
batch ingredients melted, and a rod havingja one-‘fourth 
inch diameter was diawn therefromhnd'heat treated‘ 
according to the nucleating and crystallization rates set 
forth above, using the ?nishing temperature _set forth. in 
Table IV. The nucleating temperature was ,l,'3'50'-°F.'for 4‘5 

Compositions 1, 3 and 4 exhibit acceptable high 
temperature properties. On the other hand, Composi 
tions 30 and 31 are not suitable for the purpose of this 
invention because of, their high thermal expansion 
properties'and their low strengths. Thus, the 0.7 LizO 
/Al2O3 ratio found acceptable at other SiO2/Al2O3 
molar ratios is'unaccle‘ptable‘at a SiOZ/AI2O3 ratio of 10. 
Furth'ei, the glass-ceramic o'fyComposition 30 had a 
coefficient of “thermal expansion of 200.4 X 10'7 
(0°¢300°C) while that of Composition 31 had a coeffi 
cient ‘of 1 .1 over the same :0?—300°C range. Both com 
positions are unsuitable for purposes of this invention 
because of ‘these very poor expansion properties. ' 

‘It shouldf'be emphasized that for purposes of this 
inventionfthethermally crystallizable glass composi 
tions mustj'consist of the'three ‘essential ingredients, 
SiOg, A1203 and U20 plus the nucleating _agent(s), all 
falling within the narrow'critical ranges set forth above, 
botlii'as 'towwei‘gh‘tipercent of each ingredient and to 
molar ratios of Li2Q/Al2O3 and SiO2/A12O3. ingredients 
and‘ impurities ‘such as Na2O,' K-ZQ, ?uorides and the 
like which are"p'resent'lini substantial amounts in the 
prior'art'‘Li2O-S'iO2-AEO3 compositions cannot be to] 

‘ era‘t'éd above certain'very minor levels and preferably 
shdiildb'e‘ omitted'altogether from the compositions of 
the present invention. The effect of Na2O, K20 and F 
on the‘ dimensional stability of the glass-ceramic com 
positions is set foi'th in Table V. All of the glass ceram¢ 
ics were ‘formed ‘from glass _rods which were then heat 
treated‘ at 2','100°F"for 2 hours. ‘ 

TABLE [v _. ~, ; 

Composition No. ' .'4~ ‘ ‘ ' ' 3 - > r ‘1 ' '- - 30 31 

Ingredients 
>(Moles) '. ' i ‘ '" Y‘ ' 

LL20 - . , 0.x -. - (m5 . v 0.95 0.6 0.8 

A120u j 1’ 1H, ._ 1 ' .[1 1 
sio2 ' ' ' 8 ' ' ‘s ' m 10 10 

Heat Treatment’ 1 ' " I - 7 . l ; »' ' 1i ‘ ': - "- ' 

Tcmp.°_F (Time.Hrs.) 2100(2) '2l00(2)‘ 2.100(2) , 2100(2) 2100(2) 
Dimensional Stability V _ 

Parts PerMillion ' 1 

(Time, Hrs.) I ;~ ~ - 1’ > 4 ' -' ‘ , , . v 

at l500°F (hrs) +7l( 100‘) +961 100)‘ ,-if4lll( 100) , ‘i ' +l4(250) 
at 1900°F(hrs) ' " ' - ’—76(250)"'" ' ’1 

Strengths 8,700 [1.600 ' '. 10,700 > 1' 5.l00 ‘51,100’ 
(psi, room temp) 1 I . . ‘t l 1' . ' ., ,. . 

Coefficient of _ v i "‘ ‘‘ 

Thermal Expansion —2.7 —2.8 —4I.9 +l2.7 +l2.4 
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» ‘TABLE v? ' 

Composition No,- v i i ‘I '1 ll. ‘ ,. 32 

Ingredients’ \ ~ '. > ’ ‘7 x l (Wt?r) ‘. . , ‘ v i NarZO , ‘ " 

K20 
F9201! 
F. 

Dimensional Stability , 
Parts Per Million > ' ' t.‘ ' - ' . ‘l I 

(Time, Hrs.) . 
at l50()°F-l00 hrs. ‘ 
u! l500°F-20(l(l hrs: 
at l900°F-2000 hrs. 

{19 , 

' 34. ‘35” 

‘0.1' , no.1" 0.1 " 

0.1 

+307 

‘Composition 35 was unsatisfactory since it crazed on its'surfac'c. no matter whnt‘hcat treatment was used.‘ 

As evident from the data in Table V, Na2O and K20 15 are kept to as low a ?gure as Possible’ It has beefl fbulld. 
have a very detrimental effect on the dimensional sta 
bility at high temperatures of the compositions of- the 
present invention. For example, compositions 32 and 
33 have a 0.95:1:6 molar ratio of Li2O-Al2O3-SiO2 and 
contain different levels of Na2O+K2O, namely 0.7 and 
1,2 total weight percent, respectively. While composi 
tions 8, l l and 12 are dimensionally unstable at 
1,900°F, they do have satisfactory stability at 1,500°F 
for 2,000 hours and can be v used in ‘those devices 
wherein a temperature substantially over ,l,500°F will 
not be encountered during normal‘ operation, (such as in 
a regenerator for a gas turbine engine used for trucks. 
To achieve good vdimensional stability at 1,500°F, the 

Na2O should not be present in an amount more than 
0.5 weight percent and the K20 should not be present 
in an amount of more, than 0.5 weight percent, ‘nor 
should the combined Naz O+K2O exceed 0.5 weight 
percent. To obtain good stability at temperatures of 
l,900°F no more than about 0.25 percent NazO or K20 
can be present, either by themselves or as a mixture. 
Fe2O3 when present as ‘an impurity in an amount of 

less than 0.5 weight percent has no detrimental effect 
on the compositions of the invention. However, ?uo 
ride ion, which is known by the art to increase the 
strength of glass-ceramic compositions when present in 
small amounts, adversely affects the properties of ‘the 
compositions of the present invention. Composition 35 
contained 0.2 weight percent F and could not be‘ heat 
treated without the formation of surface scale because 
of the crazing which took place. Composition 34 had 
very poor dimensional stability, namely‘ a change of 
750 ppm after only' 100 hours,’ at 1,500°F. That the 
effect was due to the F, even though ZnO 'was present 
in the composition will become‘ evident from the fur 
ther disclosure of another embodiment of the invention 
where it will be demonstrated that ZnOI does not have 
a detrimental effect on dimensional stability at 1,500°F, 
but, instead, makes the glass-ceramic stronger. Fluo 
rine should be kept to less than 0.1 weight‘ percent and 
preferably is absent. , . Q I . V 

It is critical in this ?rst embodiment of the invention 
to have the crystallizable glass and the glass-ceramic 
consist essentially solelyv of the three essential ingredir 
ents plus the‘ nucleating agent. comingwithin "the, weight, 
amounts and molar ratios de?ned, above,»lt is impera 
tive that the inpurities be kept to an absolute minimum. 
While no impurities should ‘be presentv'itfis recognized. 
that it is almost impossible to, make glass without some 
impurities unless only‘ pure materials were‘ used ‘in the 
batch. This is not possible on any commercial scale 
because of the costs. However, care should be mainq 
tained in selecting batch materialsfon makingithe 
glasses to insure that impurities in the resulting glasses 

20 

25 

that when- petalite is used‘as a batch ingredient, for 
instance‘,"that the resulting glass-ceramics do not, have 
the desired properties of the glass-ceramics of the pre 
sent invention. Accordingly, petalite cannot be used as 
a batch ingredient in making the glasses and glass 
ceramies of the present invention. ~ - 

In such other embodiment of the invention‘it has 
been found that thermally crystallizable glasscomposi 
tions consisting essentially of SiO2, A1203, LiéQ ‘and 
ZnO, wherein each ingredient is within a narrow crlitir 

P‘ cal range and also within certain critical molar ratios;' 

30 

'can be formed into articles which when'heat treated, to 
thermally in- situcrystallize them-to an at least partially 
crystalline ceramic, also referred to as a glass-ceramic, 
exhibit-good thermal stability, good ?exural strengths 
:and low coefficients of thermal expansion. The?p'res 
'ence of the ZnO, vastly ‘improves the strengths of ‘the 

‘ glass-ceramics to almost double the strengths of the 
, compositions of the ?rst embodiment of the invention 

35 

40 
vmolar ratios: v “ 

45 

50*‘,wherein the (ZnO' Lip/M203) molar ratio‘ is ‘S l 

65 

discussed’ above. Strengths within .the range of.» about 
13,000-20,000 psi and more can be readily obtained. 
Such compositions coming within the scope of this 

second embodiment of the invention consist essentially‘ 
of the following‘ ingredients present within the indi-' 
cated weight percent ranges and also within the specific. 

= 5,1 > . v I r 

Ingredient _Weight Percent 

SiOz 52 — 78.4 
A1203 12.8 — 27.5 
U20 2.4 ~ 7 
Z_nO , 0.25 - 6.7 
N'ucleating Agent 3 — 9 

and 
when the (Sim/M203) molar ratio is from 4 to less than 
5 , . 

_' then the (Lao/A1203) molar ratio is from 0.55-b.91 
and the (ZnOILiQO) molar ratio is from 0.06 ‘to.0.5;g 

when the (siOz'lAlzOg) molar ratio is from 5 to 8; 
then the (Li2O/AI2O3) molar ratio is from 0.55 to 

0.93 _ . ~ ' ' ' 

u and thegtélno/liizo) molar from ObflllO 0.5; 

and» "- . _ , _ . g ,y when the (‘SiO2/ALl2O3) ‘molar ratio is from more than .8 

anduptq“), t. - a z . _, . , 

then the (Lilo/A1203) molanratio, is from 0.8 to 0.93 
andthe (ZnOILiZO) vmolar ,ratio; is from (0.04 to 0.5,. 

Usually,--in order to obtain the desired properties, the 
compositionsrwill consist of 98-100 weight percent SiOz 
+_. AlzQapl- LizOpg-l- ZnQ + ,the speci?ed nucleating 
agents. 
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The nucleating agent can be TiO2, ZrOz or a mixture 
of T102 and ZrO-Z. 1f T102 alone is used, it should be in 
an amount of at least 3.2 weight percent. 1f Z1102 is used 
with TiO2, it should not exceed 3% and preferably 
should be less than 3%, Le. from about 0.5 to about 2.8 5 
weight percent. In the latter event, sufficient TiO2 must 
be present to at least give a total of 3 weight percent 
nucleating agent mixture in the composition. 
Representative compositions coming within the 

I 12 

and this shrinkage accompanies the crystallization of 
the high quartz solid solution phases in the temperature 

.. range of 1,350°F to 1,600°F. At temperatures between 
1,600°F and 2,000°F, the high quartz phase undergoes 
a solid state transformation to the keatite solid solution 
phase. This phase change in Composition 37 is accom 
panied by a 0.3% lineal expansion at about l,725°F. At 
temperatures above 2,000°F, Compositionl6 expands 
by about 2.5% but Composition 37, which contains 

scope of the second embodiment of the invention are 19 ZnO, does not change. 
set forth in Table V1. The behavior of these compositions at high tempera 

TABLE V1 

Composition No. 36 37 38 39 40 41 42 43 

Ingredients \ 
(Weight Percent) ‘ '1 ' " ‘ e v 

' SiOi ‘ 70.25 73.00 - 1 ' 72.00 72.60 70.2 . I 71.15 72.05 I 1 70.25 

A1203 ~ 19.85 . 17.65 18.80 18.85 18.4 18.50 _ ‘ 18.85 19.85 
ZnO 1.70 ‘ ‘1.70 1.80 “1.70 3.7 2.50 " ' 1.0 v 1.70 
Lizo 4.65 4.15 ‘3.85 ‘3.30 .4.3- . 4:30 4.60 4.65 

_Ti0z 1.45 1.40 1.45 1 1.45 1.45. 1.45 1.40 ‘ 2.40 v 
21'02 1.60 1.60 1.60 _ .60 1.160 1.60 ‘1.60 0.60 
Sb2O3 0.30 0.30 0.30 " 0.30 ‘ 0.30 0.30 0.30 ‘ 0.30 
N020 ' ~ 0.10 . 0.10 I 0.10‘ 0.10 , _0.-1 0.10 1 0.10 0.10 

K20 . . ~ — ; — . —. . r- r- —- ' — - 

Fc203 . 5-. _ V_- I ._ .7 _' ‘_ _ 

Molar Ratios ' ' " " ‘ “3 ' ' ‘ . v . > k 

SiO2A12Oa . 6.0V 7.0 _ ‘6.5 -»6.5 — 6.5 . 6.5 6.0 _ 
LEO/A1203 , 0.8 0.8 , 0.7 0.6 '— 0.8 0.76 0.8 
ZnO/Li2O 0.14 0.14‘ 0.16 0.18 _- 0.21 -.086 ' ‘ ‘0.14 
ZnO + Lip/A120,, ' 0.91 = 0.91 : 1 0.81 1 0.71 ‘_ 0.97 0.84 ‘ 0.91 

Composition No. 1 ' 144 '45 45 1 ,'47 l 48 49 ' . 50 '51’ 

Ingredients I _, , 

(Weight Percent) . v i g " ‘ ' _- l ' 5 > 

I S102 / ' ' - 72.95 ' 72.85" -70.75-: ‘70175 , 73.25 ' 72.70 68.50 I. 61.65 

~ A1201, 17.30 17.60 , 17.10 17.10 19.00 18.85 16.55 25.50 
ZnO ._ 1.70 1.70 1.65 _ ‘1.65 ' 0.85 v 1.70’ 1.60 _ 1.80 

Li2O 4.10 4.15 400 ’ 4.00 ‘13.35 I " 3.30 3.85 ' l ‘4.50 
T102 - > 1.40 1.40 1' 6.0 3.00 1.45 ‘ ‘ 1.45 9.0 1.45 

Zl'O-z 1.60 1.60 — L , . 3.00 .> 1.60 1.60 — 1.60 

I Sb2O ;, 0.30 0.30 0.30 0.30 1 0.30‘ “0.30 0.30 0.30 
N020 0.10 0.10 = 0.10‘ 10.10 0.10 , _- 0.10 -0.10 

_ K20 ' - », 0.20 f , .» - _ . _ - ' 

> . F9200 0.45 — . — _ _' — '—' *" _ — 

Molar Ratios ' - . - i " .7 .. . _. . . 

5102/1020“ 7.0 _ _7.0 27.0 -7.0 6.5 V 6.5 7.0 4.3 
Lip/A120a L 0.0 0.8 0.8 ‘0.8 ‘0.6 0.6 - 0.8 - 0.6 

Zn0/Li2O ‘' - ‘ '- ' 0.14‘ 0:14 0.14’ ' 0.14- I 0.08 10.18 r 0.14 0.13 

ZnO + Lilo/A1203 0.91 0.91 . 0.91 0.91 I 0.65 0.71_ _‘ 0.91 0.68 

Composition No. 52 53 5.4 55 56, l - 57,’ h 58 59A 

Ingredients 
(Weight Percent) , - . a . 

S102 70.42 73.35 59.80 75.30 -._ 73.55 75.85 72.30 72.55 
A1103 18.40 19.15 29.00 16.00 19.20 '16. 10: 18.85 , 18.90 
Zn() 4.40 0.60 2.55 1.40 0.35 0.701 0.85 ' 0.60 
L120 3.23 3.35 v5.10 3.75 3.35 3.8.0 ‘4.45 4.40 
T10, 1.45 1.45 ' 1.45 1.45 1.45 1.45 1.45 1.45 
Zl'Og 1.60 1.60 ‘ 1.60 1.60 1.60 ' 1.60' 1.60‘ 1.60 
Sh2Oa 0.30 0.30 0.30 0.30 ‘0.30- 0.30 .=. , 0.30 ,: . 0.30 
Nazo ’ > . 0.10 _ 0.10- ~ ' 0.10. 0.101 0.10 0.10 v 0.10 0.10 
K20 ' —— — ~ — ' —‘ — — — 

F6203 _ _ ._ :. _ __r -_ .. .._' _ -_ 

Molar Ratios . i I 

SiO=/Al2O_1 6.5 6.5 3.5 8 6.5 8 6.5 16.5 
Lip/A1203 , , 0.0 0.6. - 0.0- . _ 0.x » 0.6 0.8 - ;0.-8 , 0.8 

ZnO/Li1O , . 0.5 0.06 k 0.18 . 0.14 0.04 0.07 0.07 0.05 

ZnO + LEO/A00; ‘0.90 0.64 0.71 0.91 0.62 0.86 0.84 

The Li2O-‘ZnO-Al2O3-SiO2 compositions ‘of this em 
bodiment ‘of the invention have better heat‘ treatment 640‘ 
characteristics than the aforementioned LEO-A1203 
SiO2 compositions of the invention. iAt heat treatment 
temperatures of 2,000°-2,200°F, the latter composi 
tions undergo a dimensional expansionv which is‘caused 
by grain growth and the development of ‘voids 'o'r pores 6_5 
at the grainboundaries. The change iii length dur'ing' 
heat treatment of Compositions '16 and-371s‘ shown in 
P16. 1. Both compositions undergo an initial shrinkage 

tu‘res gives'the’ ZnOic‘ontaining ‘compositions of‘ the‘ 
invention an'advantage over ‘the compositions of the 
invention which do not contain ZnO. With the latter 
compositions, the heating rates in the heat treatment 
cycles‘must'be ‘slowed down in temperature ranges 
where dimensional changes occur‘, particularly whe’n'an 
article such as a matrix or assembly for a regenerato'r, 

‘ recuperator,"thermal exhaust reactor and the like, is 
being'heat' treated to thermally in situ crystallize it to‘ 
form the'integr'al monolithic glass ceramic structure. If 
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the product being heat treated has a temperature gradi- _ 
ent, parts of it will tend to change dimensions before ' 
other of its parts and mechanical stress resulting in 
fracture will occur. Thus 'it' takes about a week to heat‘ 
treat and thus crystallize a product having a substantial 
thickness of several inches or more made from Compo 
sition l6 and less than two days to heat treat and crys 
tallize the same product made from Composition 37.‘ 
Furthermore, it is easier to predict and control the 

dimensions of a product made from a glass composition 
which undergoes very small dimensional changes in the 
?nal stage of the heat treatment cycle as it becomes a 
glass-ceramic product. ‘ 
Another important advantage of the ZnO-containing 

compositions of the present invention is that they are. 
signi?cantly stronger than the compositions of the in 
vention which do not contain ZnO. The room tempera 
ture modulus of rupture of the former is at least 13,000 
and is often 20,000 ‘psi or higher as compared to ap 
proximately l0,000 psi for thelatter. 

- NaZO, K20, Fz’and other impurities, when present in 
the ZnO-containing compositions of the present em 
bodiment of the invention also adversely affect the 
dimensional stability of the glass-ceramic formed there 
from. Thus,'as little as 0.3 weight percent Na2O causes 
poor dimensional stability of the glass-ceramic, namely 
an expansion of +63] ppm when held atrl,500°F for 

5» 14 
melted, drawn as V4 inch rods and heat treated in accor 

‘ dance-with the schedule set forth vabove with respect to 
the Table llcompositions and where the‘?nishing tem 
peratures are set forth‘in the following Table VII.’ All 

5 compositions had a nucleating temperature of ‘l ,35,0°F 
except for Composition 60, which was l,300°F. Com 
position 37 was prepared from the following batch:_ 

Ingredient Parts by ‘Weight 1' 

Ottawa silica 3612 
A-lO Alumina 888 
Titanox ' 70.5 

Sodium Antimonatc 20.5 .' 
Lithium Carbonate 487 

- Lithium‘Chloridc 48 
Lithium Nitrate 28 

- Zinc Oxide - = 70.6 

Zinc Zirconium Silicat 

20 

25 

The batchwas melted at 2,980°F for twenty-two 
hours while beingmechanically stirred. Other composi 
tions'coming within the‘ scope of this‘embodirnent of 
'the"".irivention"were sirnilarly,made, except that the 
amounts of “the ingredients varied _accor_dlingly._Those in 
the art will know howto make all of ‘the compositions 
of the inventiori'from the'foregoing disclosure. 1 ,_ , 
Dimensional stability (arid strengths toft'each glassi 

ceramic were‘then measured.' " 'f, ' ‘. ' 

mt x19?! (0-700°C) . 

250 hours for Composition 59A. Na2O+K2O in an 
amount of about 0.3 weight,percentalsoladversely 
affects the stability as does K20 per se when present in 
such an amount. Thus, an important and essential fea 
ture of these compositions is that the weight percent of 
Na2O and K20, either alone or combined be no more 
than 0.2 weight percent. Fe'2O3, when present as an 
impurity in an amount less than 0.5 weight percent; has 
substantially no effect on the stability properties of the 
glass-ceramic. F, on the other hand, even when-present’ 
in an amount as low as 0.2 weight percent, imparted a 
750 ppm change in Composition 34 after 100 hoursat 
l,500°F. See Table V, supra. Thus, ?uorine’should be‘ 
present in amounts less than 0.1 percent,‘ and prefer 
ably not at all. . Y 5 

‘ To'show the effect of the Li2O/A'l2O3 molar ratio on 
the properties of the compositions, five glasses were 

1 

50 
~ ratio‘. has a very high coefficient. of expansion which’ 

Y Compositions 37, Y38 and ‘39'have excellent stability 
after being subjected to thei'high' temperatures for ex 
tended‘ periodsio'f‘time and also‘ have high strengths: 
Composition -60 whiehlh'as' aulow ~‘LizOlAlioafmolar 

makes it completely unsatisfactory for purposes of the 
inventions. v_ i n "_ " ‘“‘ I v 

To show the effect of ZnOto the basic properties of 
the ‘glass-ceramic, the following glass-‘ceramics were 
prepared from corresponding crystallizable glasses, 

7 drawn into 1/i inch rods and heat treated in accordance 

60 

with the Ischedule set forth abovewith respectto the’ 
Table ll compositions. The ?nishing temperatures‘are 

-. set forth, in Table VIII. The nucleation‘ temperatures 
are as followsf l,250°F for Compositions 40 and 4.1"; 
l,300°F for Composition 42 and l,350°F for the _‘re-" 
maining four compositions.‘ . r 
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. . . 1 TABLE Vlll , 

Composition No. ' 40 V‘ " 41 1'37‘ '1 42 " 5 61 62 63 

Ingredients‘ ' v V , _ 3, _ , ' . 

(Moles) I " ‘ 1' " '1 ‘l ‘ ‘ " I ‘ 

‘L120 ' - ' > 10.8 . ‘0.8 ' ~ 0.8 0.76 i" 0:8 08 ' 0.8 

A120,, . _ - . l a. _ i -, l .1 | -| l ; 1; 

S102 ' 6.5 v 6.5 7.0 6.5 6.5 6.5 6.5 
ZnO 0.25 0.17 0.1 l 0.07 0L04 0.02 0.01 
Molar Ratio . ,v. I ' t '‘ ~ 

ZnO/LLO 0.31 - 0.21 0.14 -~ I. 0.09 f 0.05 v _ . ‘.025 .0125 

Heat Treatment 2100(2) 2100(2) 2100(2) ' , 2200(2) 2100(2)" 2100(2) 2100(2) 
Temp.°F (Time.Hrs.) .- - ' ‘ l " " ' ' v ‘ 

Dimensional Stability . i I ' 

Parts Per Million ,1‘ - i .< . i Y . " 

(Time. Hrs.) ' ’ = ‘ " . l - . 

at 1500°F (hrs) —95(500) -32( 100) '—157('2000) —74( 2000) ' —l47(500) ' +4(250) e-9(250) 
at 1900°F (hrs) —- - ~ ' ' I — _ ‘ . 1711961000’) - +l§6(500)_ —l,47(250) 

Modulus of Rupture 20.100 13.800 16.100 15.100“ 113,400. ) _, , 10.100 9.900 
(psi room temp) ‘ ' ' ' 1 L ’ ' ' ' ‘ 

Coeflicient of ‘ ' . . " I . 

Thermal Expansion —1 —-.2 —2.7 —l.() , -; _ +6.0 —.0.1 v —0.6 

' From the abo'vetable it can'be'see'ntha't composi. 
tions‘ 37, 40, 41, 42 and 61, which Iliav'e afSiOg/AlgQi, 
ratio of 0.8 and less have‘ a, molar'ratio of’ZnOILiZIO 
within the range of 0.04 to 0.5 and thus the presence of 
the ZnO affects and increases the modulus of rupture 
properties of the. glass-ceramics. However, when the 
ZnO/LiéO molar'ratio is outside of’ the raiigefof 0.04'to 
0.5, the resulting glass ceramicsfwhile they have good 

25 

high temperature properties, are no'betlte’rthan glass— I 
ceramic compositions having no 2110. Thus, in order to.‘ 
achieve the increase in modulus of rupture, the amount 
of ZnO must come within the critical ranges set forth 

30 

above, both as to weight percent and as to molar ratios. 0 
The most usual compositions of this embodiment of ' 

the inventionzare as set forth hereinbefore but with the 
weight percent ranges of SiQ2, A1203, Li2O and ZnO in f 
the following narrow ranges: 

Ingredient Weight Percent 
_ SiOz 58.2 — 78.4 

A120a 13.7 - 26.5 
LiZO " 3.2 — 6.9 

ZnO 0.3 - 6.5 

The effect resulting from'too high a SiO2 level in the 
compositions is seen from Table 1X. The nucleation 
temperature for Compositions .55, "57,- and~65a were 
l,350°F.-and-the ?nishing temperatures and times are 
set forth in Table IX: Again,ithe lheat‘treatingschedule 

40 

..55 

60 

65 

was the same as that given for the Table 11 composi-.v 
tiOnS_v . _ ‘ Y . v. y y _ .2 . 

TABLE 1X . 

Composition No. 64 = 65 ' 55-‘ 57''‘ 

Ingredients I p v I 4 

(Moles) ’-" ' '. .' 5.’ I. Y ' ‘I 1. 

Li,O:, ; . 0.6‘ 0.8. - v0.8 7 0.8 .; ~11 "- 

A120a y ._| vl _, ,1 ,_ __l : 
SiOz ‘ - 10 10 ‘ 8v ' " 8 

ZnO _ 0.11 I 0.11 i ' 0.1 l 0.056 

Heat Treatment . v ._ _ 1‘. . _ s , 

Temp.°F(Time.Hrs.) - 2100(2) I 2200(2) ; 2200(2) 

Dimensional Stability ' ' -‘ ' - Parts Per Millionv ' ‘ , - _ ‘ , , 1- . , 1 5 

(Time.Hrs.) - _ ‘ I 

at 1500°F — +49(25) ' 20(10)‘ —' 

at 1900°F -— 155(10) +23(l0) -— 

low strength 
Modulus of Rupture 

(psi room temp) -- 7.000 21.000 20.800 
Coef?cient of 
Thermal Expansion —- +1 1 —4.6 —4.0 
a X 10*’(0-700’C) 
Coefficient of 

__ TABLE lX-‘continued 
Composition No. "164‘ .65‘ 55 57 

Thermal Expansion - 

a ><‘|0'+1(0-300°c) ' 
a . 

1 
I 

Composition 64 could 'not be properly crystallized 
and was a very weak product having a modulus of rup 
tturevof -2.000°-3,000 psi. Composition 65 has a very 
low modulus of rupture and a high coefficient of ther 
mal expansion-,. both over the O°—700°C and the 
°—300°C ranges. When the SiO2/Al2O3 molar ratio was 

8. however, as in Compositions 55 and ,57, the strengths 
of the glass-ceramics tripled over that of composition 
65 the expansion coefficients became very low. 1 
The effect resulting from too low a SiOz level in the 

compositions is seen from Table X. While Composi 
tions 51 and 54 have good high temperature properties, 
where the LEO/A1203 ratio is as low as 0.6 with low 
SiO2 levels,’ the 'S'iO2/Al2O3 should not be lower than 4, 
because‘ of the very poor forming properties of the 
glass. Composition 66, on the other hand, did not crys 
tallize and brokeld'uring the heat treatment. The nucle 
ation. temperature ‘for Compositions 51 and 54 was 
1,350°F. 

, i TABLE x 

Composition No. .\ 51 .54 66 

Ingredientsv - ‘ 

(Moles) \ r 

H 1.120‘ _ ‘0.6 0.6 0.6 
“Al-10;, 1.0 11.0 1.0 
S102! 4.3.; - 5.5 4.3 
ZnO D, 0.08 , I 0.1 1 0.024 

Heat Treatment 2200(2) 2200 — 

Dimensional Stability 
Parts Per Million 1 A , 

at 1500°F , ' - . —39(250) -—3l(250 - 

at 1900°F ‘— ' , —88(250) _ - 

Modulus of Rapture 13,400 ' 16,000 - 
(psi room temp) , ‘ 

Coefficient of , +5.8. _. +108 ~ - 

In all of the work set forth in the foregoing tables, five 
rods were drawn from each melt and the dimensional 
stability measurements are based on the average stabil~ 
ity of the five rods. For the modulus of rupture tests, 10 
rods were drawn from each melt and the strengths set 
forth in the tables is the average strength of the ten 
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rods. The modulus of rupture tests were performed'on. 
a Dillon Universal Tester, Low Range'Head, having a 4 
point loading with a support span of 4 inches and'a 
loading span of three-fourths inch. The rods were each 
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Compositions coming within these critical ratios and 
having good thermal stability at 1,900°F are Nos.i '39, 
48, 49, 51, 53-56. 1 ‘ ' 

A matrix for a regenerative heat exchanger as dis 

4. a ZnO + LizO/AIzOn molar ratio S1. ' 

5% inches in length and the loading rate adjusted so 5 closed in theaforementioned US. Pat. application Ser. 
that the samples broke between 36 and '48 seconds. No. 30,859 was made utilizing composition 37 of the 
The 10 samples were abraded by tumbling for 15 min- present‘ invention. Such a matrix, broadly speaking, 
utes in a ball mill jar rotating at 75 rpm and containing comprises integrally fused tubes forming a seriesof 
250 grams of 240 grit SiC. ' , smooth longitudinal parallel passageways therethrough 
Compositions 23-35 and 59-66, inclusive, referred 10 wherein the walls defining the! passageways have (1.)‘ 

to in the above tables have the following compositions essentially zero porosity, (2) consist- essentially of ‘ an 
expressed in weight percents: _ v , inorganic 'crystallinne oxide material, (3) a maximum 

TABLE X1 

Composition Nos. 24 23 ' 25‘ 26 ‘ ' 27 28 29 

Ingredients i _. ‘ ' _ 

$102 70.7 70.5 ' 72.4‘. 72.9 61 65.4 64.9 
A120; 20 19.9 20.5 20.6 27.8 25.8 25.6. 5 
ZnO - - — _ g —> - -, ‘ - 

1.120 5.9 6.1 "3.6 " 3 1 7.7 _ 5.3 ' 6 

T102 1 1.45 1.45 1.45 1.45 1.45 1.45 ‘1.45 
2102 1.6 1.6 1.6 1.6 1.6 1.6 1 _1.6 
sb._.oa ‘ 0.3 0.3v 0.3 0.3 0.3 0.3 0.3 
N320 0.1 0.1- 3 0.1 0.1 0.1 0.1 " 0.1 
1420 _ _ . _. - -_ _. '_ _ 

F4201 - - , - , - - - - 

Composition Nos. 30 3l ) .32 33 34 35.‘ 159 5 

Ingredients ‘ I‘ I _ 

‘0., 80.5 79.8 . 70.6 . 70.2 _ 70.6 71.3 72.3 

A1203 13.6 13.5 20 19.8 20 . 20.2 17.6 
ZnO - - - _' ‘ 1.7 , - 1.7 

L1,0 . 2.4 3.15 5.3 5.3 1 3.8 4.8' 4.2 
Tio2 1.45 1.45. 1.45 1.45 1.45 , 1.45 1.4 
2102 1.6 1.60 ' 1.6 1.6 ' 1.6 - 1.60 1.6, 
511203 0.3 0.3 0.3 0.3 1 0.3 » 0.3 0.3 ‘ 

N320 0.1 0.1 0.5 v 0.8 . _ 0.1 .0.1 . 0.3 

10,0 - -_ 0.2 0.4 - - ' -, 1 ‘ 

F020a - ; I ~-' -_ _ ‘ ‘_V _ g _ >, 

F2 _ ~ - r..- ' 0.3 0.2 _* 

Composition N05. 60 61 62 63 1 64 I"65.; 66_ , 

Ingredients _ i. v - 

$10.. 73.5 72.5 72.7 ‘Y 72.9 _ 79.3 , 78.8 65.6 
A120; 19 18.9 19 I 19 , 13.5 13.4‘ 25.9 
2P0 1.7 0.6 0.3 0.1 1.3 ' 1.2 1 . 0.5 ' 

L120 2.25 4.4 4.4 4.4 2.4 3.2 . 4.6 
‘1'102 1.45 1.45 ' 1.45 ‘ 1.45 1.45 1.45 1.45 
Z102 1.6 1.6 1.6 1.6 1.6 1.6 1.6' 
515203 0.3 0.3 0.3 0.3 0.3 0.3 0.3 
N820 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

diameter of 0.1 inch,‘ (‘4) a maximum, thickness of-' 
. . . . I . . . about 0.03, to 0.002 irichithrough portions ofvthetwralls 

W311‘: gltaSs£$a£mrZSshaf1Sw£igFgtSl ‘22:? 2;.‘ , common to-adjaclent fused tubes, with the" ratio of the 
$053 d o .ergp fat.“ r magde fr m’ the sio ‘Al O- _ diameter to suchthickness being atleast 3. Thematrix , 
51109 Peno 0 mg: ref t bgdiméht of ihe 2 r; 50 has an open frontal areagof at least (10% and the walls of . . 

‘2 .compf’sl Ions o . e "8 em ; 1 .. _ p ‘ the matrix have athe'rrn-alconductivity of less than 0.01 » 
sent invention, and while glass-ceramics having- greater callcmls-eclcmgloc' at 4006C ‘ g _ 

strengthsfare pf?tfuced b2; grfbgé?a?lt2gti'tlgez??gl? " Glass tubing'madevfromComposition 37 aboveand :{OmPOS‘l IOIISfOth ftstecon ,t. 3-0 not; reduce having an' inner diameter of .030 inches and a wall, 
‘Ion’ many .0 eh.aher comtphzilnllg?s stable pat the 55 thickness‘ of. .0015, inches was out ‘into lengths» 31/2. - 
g ass'coeramlcs w ‘c are - y I >: ' inches long and,‘ each verid was sealed, trapping.‘ air 
1,900 F temperatures. However, a small group of com- therein - 4 . = 1 1 - I 

'pozmong 39ma‘?mgtgzgvzggofmn?ayggig rtgleuisgfe' The sealedtubirig was;tightly packed paralleljto the . a? eml (1 gift“ (1 I 9000!: over 21 Ion ~ =eriod oiitime length of a mold lines :with a layer of heat-resistant-._ . 
- S ergna s a l-lt'y a C: n be de?ned as flag/in _ ' 60 alumina-silica paper. The tubes within the mold were in; - 

u; fomgicg’l £21150 ‘*molar ratio of 5_8 , g‘ a closely-pac'pked'parallel relationship with each other. 
' ' 2.1 ' - 2 2 3 . A ' - The assembly was then heated in a kiln on the following - 

2. a Ll20/AI2O3 molar ratio of 0.55-0.75 _ , Schedule . V 

3. a ZnO/Li2O molar ratio of 004-05, and ' ' ' 

4. a ZnO +‘Li2O/Al2O3 molar ratio: 15 1, or 1 ' _ ' 4 
B. l. a SiO2/Al2O3 molar ratio of 4 to less than 5 g 65 Tcmpemu-‘e ' T'me °' Rm 

2. a Li2O/AI2O3 molar ratio of 0.55-0.75 , Amlhi?jnt 11215251}? - mgr/hr. 
, ‘ ' , ‘ ' ' X 1 0 ill 0 . rs. 

3. a ZnO/L12O molar ratio of 006-05, and . [250,]: m 2mm. mow/ht 
Hard at 2100°F ‘ 2 hrs. 
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Temperature " ‘Time or Ratev 

2l00°F to Room Temperature 30O°Flhr. “ v I 

After this heat treatment, the resulting glass- ceramic 
matrix was removed from the mold and the ends of ‘the 
tubes opened by grinding. The foregoing heat treat 
ment thermally in situ-'cr'ys't’alliied the ‘glass: and pro 
duced a glassl'cera'mic matrix. The‘ heat‘ treatm'en't‘had 
fusionbonded the walls of each tube to ‘those of adja 
cent tubes and reformed‘each tube to substantially 
hexagonal shape. The matrix was suitable as a heat 
regenerator for a gas turbine engine, able to withstand 
the operating temperature of at least 1,5009F for an. 
extended period of time without any deleterious ther 
mal instability occurring. ‘ 
The above glass tubing of Composition 37 ‘is also. 

suitable for making the glass-ceramic recuperatore 20 
matrix disclosed in US. Pat. application Ser. No. r 
30,859 and in the U.S. Pat. application Ser. No. 
146,665 filed May 25, l97l, as a divisional and con 
tinuation-impart thereof. There, a plurality of layers of 
tubes are superimposed one above the other in succes 
sive parallel planes, the tubes within each plane being 

25 

essentially parallel to each other and transverse to, , 
tubes in adjacent layers. When subjected to the, same 
heat schedule described above with respect to the re- 3 
generator matrix, each tube becomes integrally fused,v 
to each adjacent parallel tube and each adjacent trans- . 

30 

verse tube. When, as preferred, the tubes are essen- _ 
tially fully expanded, each tube wall is a common wall 
with each tube adjacent thereto, including those in the 
same plane and those in adjacent parallel planes. 
Moreover, when fully expanded, the‘passageways are 

essentially in the shape of a parallelogram, usually a 
square or a rectangle. After the heat treatment and the 
subsequent opening of~ the sealed ends, such as by 
grinding, an integral glass-ceramic recuperator matrix 
is obtained. 4 i 

35 

4.0 

Using glass tubing formed from the compositions of v _ 
the present invention, such as Composition 37, a core - ' 
assembly for a thermal reactor for receiving the flow of 
hot gas ef?uents from a combustion engine, such as 
that-disclosed in thelaforernentioned Zmudz et al ‘US. 
Patcapplication ?led-'Mar.'23, ‘l97-1'can be made.‘ 
vSuch glass tubing is tightly ‘packed together about a 

tubular member in parallel relationship, with each end 
of the tubing being LsealedL-The outer periphery of=the 
assembly is then‘ Constrained from ojutward movement 
in a direction perpendicular to the lon'gitudina'lpas 
sageways formedv by the tubing‘ and the tubular mem 
ber. The assembly is then subjected to a heat schedule 
such that the tubing becomes softened and the air en 
trappedv therein expands and urges the tubesinto tight 
contact with adjacent tubes. A glass-ceramic matrix 
comprising’ a plurality of‘ expanded " tubes fusion 
bonded- together and to the tubular‘ member is thus 
formed.’ The sealed ends of the tubing: are'opened vand 
the matrix can-then be utilized in the manner disclosed 
in the aforesaid Zmuda et al application to \make‘the 
thermal reactor for a combustion engine. ‘ = 

What is claimed is: 
l. A thermally crystallizable glass capable of being 

thermally in situcrystallized to a glass‘cerarnic which is 
thermally stable at temperatures of about l,50(v)-°F for 
at least 1000 hours and maintains itsmodulusof ‘rup 

45 
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:tureof at least-‘about 10,000.,psi at, such temperatures 
gfor/said.times,~-;.said glass consisting essentially of the 
.rfollowing'ingredients: . - . I - 

7 Weight ‘Percent 0 Ingredients 

'" sio, , v 55 980 
A1203‘ ' ' _ 12 427 - 

' ' Lit-l0 ‘ . ‘ I 312 47.6 

Nucleating Agent ‘ 3 — 9v 

wherein said nucleating agent is a mixture of vTiO2 + 
ZrO2, wherein the ZrO2 does not exceed 3 weight per 
cent, but is at least 0.5 weight percent, wherein the 
SiO2/Al2O3 molar ratio is from 4 to 10 and wherein ‘ 

a. when the SiO2/AI2O3 molar ratio is from 4 to less 
than 5, the Li2O/Al2O3 molar ratio is from 0.75 to 
0.97; and ' 

b. when the SiO2/Al2O3 molar ratio is from 5 to 7.5, 
the Lao/A1203 molar ratio is from 0.65 to 0.97; 
and ' ~ ' 

c. when the SiO2/Al2'O3 molar ratio is more than 7.5 
and less than 9, the Li2O/Al2O3 molar ratio is from 
0.8 to 0.97; and' ' ' ' i v I 

‘d. when the SiO2/Al2O3 molarratio is more than 9 
and up to 10, the Li2O/Al2Q3 molar ratio is [from 
0.87 to 0.97. ‘ a ' 

2. ,The thermally crystallizable glass as de?ned in 
claim ‘1, wherein at least 98% by weight of said ‘glass 
consists of said SiO2, Al2O3, U20 and nucleating agent. 

3. A thermally crystallizable glass as defined in claim 
1, wherein said glass contains in weight percent no 
more than 0.5 K20, or 0.5 NazO, or 0.5 of a mixture of 
(NaQO‘l-KZO). - H - 

4. A thermally crystallizable glass as defined in claim 
1, wherein said glass contains in weight percent no 
more than 0.25’ K20, or 0.25 Na2O, or 0.25 ofa mixture 
of (Na'2O+K2O). _ i ‘ 

5.v The thermally crystallizable glass as de?ned in 
claim 1, wherein said glass consists of said SiO2, Al2O3, 
LizO' and nucleating agent. i i 

6. The thermally crystallizable glass as de?ned'in 
claim 1, wherein ZrO2 is present in an amount of 0.5 to 
2.8 weight percent of said composition. 

7. A glass-ceramic article thermally stable at temper 
atures of about l,'500°F for at least 1,000 hours and 
retaining its modulus of rupture of at least about 
10,000 psiiwhenisubjected to said‘ temperatures for ‘said 
times, said ‘article being'formed by thermally in situ 
___'c,"rystallizing a glassconsistin'g essentially‘ of thefollow 
ing ingredients: r ». ‘ 

Ingredients .~ : Weight Percent 

SiOZ' i ' 55 '—I- 80 

Alzoa“ ‘ -_ l2 —' 27 

_ Li20, _ V 3.2 —.7.6 , v 

I Nucleating Agent ‘ "3 - 9 

wherein said nucleating agent‘is a mixture ‘of ,TiOz + 
ZrO2, wherein the ZrOz does not exceed 3 weight per 
cent, bu'ttis at least weight percent, wh‘erein’the 
SiQ2/Al2O3,‘ molar ratio, is from"4 to and wherein 

a. when 5._the SiO2/Al2O5 molaruratio is from 4 to less 
than; 5,, the Lilo/A1103 molar ratio .is from 0.75 to 
0.97; and . -. v _ ‘ ' 
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b. when the SiO2/Al20f, molar ratio is from 5 to ‘7.5, 

the Li2O/Al2O3 molar ratio is from 0.65 to 0.97; 
and ' 

c. when the ,SiO2/Al2O3j molar ratiois more than 7.5 
and less than 9, theLizO/AlzOa molar ratio is from 

_ 0.8 to 0.97; and 4 A _ I . i 

(1. when the SiO2/Al2O3 molar ratio is more than _9 
and up to 10, ‘the LEO/A1203 molar ratio is from 
0.87 to 0.97,‘ “ ‘ ' ' " " '_ . 

said glass-ceramic article having a coef?cient of linear 
thermal expansion of ~12 to +l2_>$ ‘l0,-7 k(0°-700°C). 

, .8‘. The glass-ceramic article "as de?ned incl-aim 7, 
wherein at least 98% ‘by weight of said glass-ceramic 
consists of said ,SiO2, A1203, U20 and nucleating agent. 

9. YA glass-ceramic article. as de?ned in claim 7, 
wherein’ said glass-ceramic contains in‘ weight “perceht 
no more than 0.5 K20, or 0.5 NazQ, or- 0.5 of a mixture 
bf ('Na2O4-K2O)‘. ' “ v ‘ ’ g 

h 10. A glass-ceramic article ‘as‘de?ned inl-clai‘m 7, 
which is thermally stablejat temperatures of about 
1,900°F for at'lea'st i000‘ hours, wherein said glass 
ceramic contains in weight percent no more than 0.25 
K20, or 0.25 Na2O, or 0.25 of a mixture of (Na 
2O+K2O)- ‘ ‘I . i . 

11. The glass-ceramic article as de?ned in claim 7, 
wherein said glass-ceramic consists of said SiO2, A1203, 
U20 and nucleating agent. _ ‘ 

A 12’. The glass~ceramic article as de?ned in .claim 7, 
wherein ZrOz is present in an amount of 0.5 to 2.8 
weight percent of said composition. 
“13. The vglass-ceramic article as defined in claim 7, 

‘wherein said glass-ceramic has a coef?cient ‘of linear 
thermal‘ expansion of -3 to ‘+3Xl‘0'7(0°-700“’C_.'). 9' 

l4.\The\ glass-ceramic article as de?ned in claim 7, 
wherein said glass-ceramic has a ‘coefficient of linear 
thermal expansion of -—0.5 to +0.5X'l0"i(0°-700°C'.). 
‘=15. A thermally crystallizable glass capable'ofa-being 

thermally in situ crystallized to a glass-ceramic which'is 
thermally stable at temperatures ‘of about ‘1,500°F for 
at least 1,000 hours and ,maintains its modulus :of‘ru'p'; 
ture of at‘ least [0,000 psi at ‘such temperatures for said 
times, ‘said glass consisting essentially} of the following 
ingredients: * i 1 - l a i '- I’ 

' Ingredients 9| ‘ 'We'ight'Percent 

' ‘ s02 63' -. 78.5 i. ' 
M20, 13.8 — 23 
Li,0 , > , 3.5 - 6.5 , _ 

Nucleating Agent . 3 - 9‘ 'I 

wherein said nucleating agent, is Ia mixture of TiO2 ‘plus 
Z_rO§,.wherein'the.ZrO2 does notexceed 3_ weightlperl 
cent but is at least'O.5 weight percent, and wherein the 
SiQ2/Al2O3 molar ratioyis from _5 to less than9, and 
wherein'v‘," .' 

" a. whenfthe1SiO2/_Al2O‘3 molar ratioiis from 5 to less 
than 7.5, the Li2‘O/Al2O3 molar ratioiis from 0.75 to 
0.97; and ' 

15 

20_, 

25' 

so 
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__b._when the SiO2IVAI2IO3 m'olarratio vfrom 7.5 to less ' 
‘ than 9, the LEO/A1203 ‘molar ratio is from 0.87 to 
0.97.. " . 

16. A glass-ceramic articleythermiallyistable'attem 
peratures of about 1,900°F for. at least 1,000 hours and 
retaining itsimodulus 'ofIrupture of at .least about 
10,000 psi when subjected to said temperaturesfor times, said article being formedltby ‘thermally in situ 
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» .22 - 

Crystallizing a glass consisting essentially of the follow 
ing ingredients: " ‘I i 2 

Ingredients ' , Weight Percent 

sio2 63 - 78.5 

. _A|.o_, 13.8 - 23 

U10 3.5 - 6.5 
- Nfucleating Agent . ‘5-39 -- ~, ¢ 1 

wherein said nucleating agent is a mixturepf TiOz plus 
ZrO2, wherein the ZrO2 does not exceed 3 weight per 
cent but is at least 0.5 weight percent, and wherein the 
lSiO2/AlzO3 molar;r_atio.is from: 5 to ,less than 9, and 

a. when the SiO2/Al-2O3 molar ratio is from 5 to less 
than 7.5, the LizO/Al2O3‘ molar ratio is from 0.75 to 

.b. when rthe, ‘Si;O2/'Al2O3_ molar ratio is from 7.5_ to less 
I than9, the LEO/A1203 molarratio ,is from 70.87 to 

j __ l . L; " W t ,'_ _. 

said glass~ceramic having acoef?cient of linear'thermal 
expansion of —l2 to +12 X 10-7 (0°-700°C). 
.17.: A.glass—ceramic articlethermally stable at tem 

peratures .of about; 1,900")!7 for atleast 1000 hours and 
retaining , its, modulus ‘of rupture..o_f_ at least about 
10,000 psi when subiected to said temperatures for said 
times,.said; article :being formed ‘by ~thermally in situ 
crystallizing a glass consisting essentially of the follow 
ing ingredients. ._ _ _ A 1 . . . 

'. Ingredients‘ ., » Weight Percent 

wherein said hucleatiiig'agent is 'a mixture'o'f TiQg'i 
'Z'rOQ, wherein the zr?z‘does notiex‘ce‘e'd 3 weight per; 
cent, but is at least" 5 weight percent, wherein the 
SiO2/Al2O3 molar ratio is from 4 toii'l0, and wherein 

a. when the SiOi/Al'éOa molar ratio is from 4 ‘to :less 
than 5, the LEO/“A1203 molar ratio is from 0.75 to 
0.97; and 3 ‘ ' 

b. when the SiO2/Al-ZO3 molar ratio is from 5 to 7.5, 
the LEO/A1203 molar ratio is from 0.65 to 0.97; 

Hand . . . . . . . , , _ 

c. when the SiO2/Al2O3 molar ratio is more than 7.5 
. and lessthan 9, 'the LEO/A1203 molar ratio‘ is from 
‘. i 018 to 0.97;‘ and '1 t. Z. 1.1 ; - j 

l d. when the Sim/A1203 molar‘ratiois ore than: 9 
‘ and up to 10, the Lao/A120, molar ratio is from 

0.87 to 0.97,v - > . _ said glass-ceramic article having a coef?cient of linear 

thermal expansion of ——l2 to +12 X 10''’ (0°—700°C). 
» -.l8. A thermally crystalliz'able'iglass capable of being 
thermally ‘in? situ crystallized to a-glass-"ceramic ‘which is 
thermally stable'atltemperatures" of~about 1,500°F for 
at least 1000 hours, said glass consisting essentially of 
the following‘ ingredients:'-. 1 ‘ =~ . > ' 

Ingredients " v i FlWeight rércénw' 

, Sid; , 15.2-78.4,“ 
‘ M1051 "‘ ' ‘ ‘ ‘ ' - rzs- 27.5".‘ 

up ‘ '7 2.4-1_7- , -' 

ZnO 0.25 - a7 
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-continued 

ingredients Weight Percent ‘ 

I Nucleating Agent 3-9 

wherein said nucleating agent is selected- from the 
group consisting of ZrO2 and a mixture of TiOz and 
ZrO2 and wherein the ZrOz is present in an amount not 
in excess of 3% by weight, but is at least 0.5 weight’ 
percent, wherein the SiO?/'Al2O3 molar ratio’ is from 4 
to 9 and the Z'nO + Lao/A1203 inolariratio is“ S l; and 

' a. when the SiOé/AbOQ molar vratio is from 4 "to vless 
2 than 5, the Lilo/A205, molar ratio is-'-from 0.553 to 
0.91, and the ZnO/Li2O molar ratio is from 0106 to ' 
0.5;and 1‘ ' ~ I’ I 

‘ b. when the SiO2/Al2O§, molar ratio is from‘5 td 8, the 
Li2O/Al2O3 molar ratio is from 0.55 to 0.93, and 
'the ZnO/Li2O molar ratio‘ is from 0.04'to 0.5; and 

cf'when the SiO2/AI2O5, molar ratio’ is from more than 
8 up to 9, the Li2O/Al2O3 molar ratio is from 0.8 to 

‘ v"0.93, and the ZnOiILiZO‘ olar'raltio'is 'from 0.0410 
0.5; and ‘i " ' i i ‘i ' 

d.-' the glass contains in weight percent no more than ' 

‘19'. The thermally crystall'i‘zable‘ glass as defined‘ in 
cl'aimgl8 wherein-at least 98% by’ weight 'ofjsaid glass 
'consists‘of Said'SiO‘Q, A1203, U20; ZnO and nucleating 
agent. “ " " 

20. The thermally crystallizable glass'as de?ned in 
claim 18 wherein the nucleating agent is a mixture of 
ZrOz plus "H02 and said Zr02 is present in'an amount of 
0.5 to 2.8 weight percent of said composition. ‘5 v 
21. A glass-‘ceramic article dimensionally stable at 

temperatures up to about l,500L°F, for atleast l,000 
hours and retaining its modulus of rupture of at least 
about 13.00 psi when subjected'to said temperatures 
for said times, said article being formed by thermally in i 

.40 . situ crystallizing a glass consisting essentially of the 
following. ingredients . ' . 

Weight Percent 1 Ingredients 

tSiO; 52 "—- 78.4 
A1203 .12.,8 —'27.-5 ' 
Li2O . ,' 2,4 '_ 7 ‘ 

ZnO _ 025 -'6.7' ‘ ' Nucleating Agent ‘ 3-9 .-‘ 

wherein‘said nucleating agent is selected from the 
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24 
d. the glass and resulting glass-ceramic contains in 

I ' weight percent no more than 0.2 K20,‘ or 0.2 Na2O, 

or 0.2 (Na2O + K20), 
said glass-ceramic ‘having va ‘coefficient of linear thermal 
expansion‘ of —-l2 to +12 X 10'7 (0°—700°C). 

_. 22._The_'glass-cerarnic article as defined in claim 21 
‘wherein at least 980/1‘ by weight of said glass-ceramic 
vconsists of said SiO2, AI'2O3, Li2O, ZnO and nucleating 
‘agent.’ a V _ 

‘ 23.,The glass-ceramic article as de?ned in claim 21 
wherein the nucleating agent is a mixture of Zr02 plus 
'TiOg' and said Zr02 is present in an amount of 0.5 to 2.8 
weight percent of said __c'o_mposi_tion. 
24. The glass-ceramic article "as'de?ned in claim ‘21 

‘wh’ereinsaid glasséceramic has a coefficient of linear 
thermal expansion of'—3 to +3 ><l0‘7v(0°—700°C.). , 
1 25. A thermally crystallizable glass capable of being 
thermally in situ crystallized to a glass-ceramic which is 
thermally stable ‘at temperatures of about 1,500°F for 
at least i ,000 hours, said glass consisting essentially of 

i the followingfingredients: 

25 

so 
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group consisting of .ZrO2 and a ‘mixture of-TiO2 and ' 
Zr02'and wherein the Zr02 is presentin an-amount not 
in excessof 3% by weight, but .is. at least 05 weight 
percent, wherein the ZnO + LEO/A1203 molar ratio is 

.\ l‘, and wherein the-SiO2/Al2O3 molarratio isfrorh 4 
to9and'~v 1 ' - 

a. when the SiO2/A12O3 molar ratio is {from 4 toiiless 
~ ' than 5, the Li2O/Al-2O3molar ratio is-from-0.55:to 
.1 . 0.91, and the-'ZnO/Li2O molar ratio is from 0.06 to 

.10.5;and';.; . r . 1', w ~- i. > b. when the SiO2/Al2O3 molar ratio is;from 5to 8, the 

LEO/A1203 molar ratio is from 0.55 to 0.93,,and 
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the-ZnO/Li2O molar ratio is from 0.04 to 0.5; and , 
' c. when the SiO2/Al2O3‘molar ratio is from more than 

8; up to 9, the LEO/A1203 molar ratio is from 0.8 to 
0.93 and the ZnO/Li¢O molar ratio is from 0.04 to 
0.5; and ‘ 
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Ingredients Weight Percent 

1, SiO, ‘58.2 — 78.4 
;Al‘2O;, _ l3.7 — 26.5 
Li-ZO _ I 3.2 - 6.9 

ZnO 0.3 — 6.5 

. 3 ~19 ‘NucleatingAgent 

,whereinsaid ‘nucleatingagent is selected from the 
‘group 'consistingof ZrOz; and a mixture of TiOz and 
ZrO2-and-v wherein the Zr02 is present in an amount not 
in excess of. 3% by weighthbut is at least 0.5.weigi'h't 
percent, wherein the SiO2/AI2O3 molar ratio is from "4 
to 9 and the ZnO + Li2O/Al2O3 molarratio isv l, and 

a. when the SiO2/Al2O3 molar ratio is from 4 to'less 
5. " than 5, the ‘Li2O/Al2O-3 molar ratio is from 0.55 ‘to 

r ‘ 0.91, and the ZnO/Li2O molar ratio is from 0.06‘to 

I , b. when the SiO2/Al2O3 molar ratio is from 5 to 8, the 
LEO/A1203 molar ratio is from 0.55 to 0.93, and 
the ZnOlLizO molar ratio from 0.04 to 0.5; and 

c. when the SiO2O/AI2O3 molar ratio is from more 
than 8 up to 9, the Li2O/Al2O3 molar ratio is from 

' "0.8 to 0.95v and the ZnO/LizO molar ratio is from 
0.04 to 0.5; and 

d. the glass contains in weight percent no more than 
0.2 K20, or 0.2 NaZO, or 0.2 (Na2O + K20). 

26. The thermally crystallizable glass as de?ned in 
claim 25 wherein at least 98%byweight of said glass 
consists of said SiO2, Al'2O3, ZnO and nucleating agent. 

'_ 27. i A ' thermally crystalliz’able glass according to 
claim {18 capable of'being thermally in situ crystallized 
to a glass-ceramic which is thermally stable at tempera 
tures of about 1,900°F for at least 1,000 hours, said 
gla’ssibeing', ~selected from the group ‘consisting of 
A. glass having ‘ ' ' ' l . 

a. a SiO2/Al2O3 molar ratio of 5-8 
v ‘b. aLi2O/Al2O3 molar ratio of 0.55 to 0.75, and 
c. a ZnO/Li2O‘ molar ratio of 0.04 4 0.5 

B. a glass having , I _ 

I a.’ a SiO2lAl2O3 molar ratio of 4 to less than 5' 
' ’ b'. a'Li2O/AI2O3 molar ratio of 0.55 - 0.75, and " 

v i c. a ZnO/Li2O molar ratio of 0.06 - 0.5. 
j 28. The glass-‘ceramic article of claim ly6'wherein 
said ceramic has a dimensional stability of less than 250 
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parts per million after being subjected to a temperature 
of 1,900°F for at least 1,000 hours. . 

29. The glass-ceramic “article of claim 21 wherein 
said ceramic has a dimensional stability of less than 250 
parts per million after being subjected to a temperature 
of l,500°F for at least l,000 hours. ,. . 
30. The glass-ceramic article of claim 29 wherein 

said dimensional stability is retained after said article is 
subjected to said l,500°F temperature for 2,000 hours. 
31. A glass-ceramic according to ‘claim 21’dirnen 

sionally stable at temperatures of about l-,900"_F‘fo_r at 
least 1,000 hours and "maintaining its modulus of rup 
ture of at least 13,000 psi when subjected to such tem 
peratures for said times, said article being formed by 
thermally. in situ crystallizing a glass selected from the 
group consisting of 
A. a glass having 

a. SiO2/Al2O3 molar ratio of 5-8 
_b.- a Li2O/Al2O3 molar ratio of 0.55 to 0.75 
c. a ZnOILiZO molar ratio of 0.04 - 0.5, and 
d. a ZnO-l-Li2O/Al2O3 molar ratio 5 l; and 

B. a glass having 
a. a SiO2/Al2O3 molar ratio of 4 to less than 5 
b. a Li2O/Al2O3 molar ratio of 0.55 - 0.75 
c. a ZnO/Li2O molar ratio of 0.06 — 0.5, and 
d. a ZnO'l-Li2O/Al2O3 molar ratio 5 1 

said glass-ceramic having a coefficient of linear thermal 
expansion of —12 to +12 Xl0—’(0°-700°C.). 
32. A thermally crystallizable glass capable of being 

thermally in situ crystallized to a glass-ceramic which is 
thermally stable at temperatures of about 1,500°F for 
at least 1,000 hours and maintains its modulus of rep 
ture of at least about l0,000 psi at such temperatures 
for said times, said‘ glass consisting of the following 
ingredients, exclusive of ?ning agents: 

Weight Percent Ingredients 

SiO, 55 — 80 
M203 12 ~ 27 
M20 3.2 — 7.6 
Nucleating Agent 3 — 9 

wherein said nucleating agent is a mixture of TiOz + 
ZrOz, wherein the ZrOz does not exceed 3 weight per 
cent, but is at least 0.5 weight percent, wherein the 
SiO2/Al2O3 molar ratio is from 4 to 10 and wherein 

a.‘ when the SiO2/Al2O-3 molar ratio is from 4 to less 
than 5, the LEO/A1203 molar ratio is from 0.75 to 
0.97; and i 

b. when the SiO2/AI2O3 molar ratio is from 5 to 7.5, 
the Li2O/Al2O3 molar ratio is from 0.65 to 0.97; 
and 

c. when the SiO2/Al2O3 molar ratio is more than 7.5 
and less than 9, the Li2O/Al2O3 molar ratio is from 
0.8 to 0.97; and 

d. when the SiO2/Al2O3 molar ratio is more than 9 
and up to 10, to Li2O/Al2O3 molar ratio is from 
0.87 to 0.97. ' 

33. A glass-ceramic article thermally stable at tem 
peratures of about l,500°F for at least 1,000 hoursvand 
retaining its modulus of rupture of at least about 
10,000 psi when subjected to said temperatures for said 
times, said article being formed by thermally in situ 
crystallizing a glass consisting of the following ingredi 
ents, exclusive of ?ning agents: 

Weight Percent 

55 — 80 

Ingredients 

SiOz 

10 

20 

-continued 
ingredients Weight Percent 

M203 l5 — 27 
LizO 3.2 — 7.6 
Nucleuting Agent 3 - 9 

wherein said nucleating agent is a mixture of TiOz + 
'ZrOg, wherein the ZrOz does not exceed 3 weight per 
cent, but _is"'at"least 0.5 weight percent, wherein the 
SiOg/AléOa molar ratioyis from 4 to 10, and wherein‘, 

a."_ when the SiO2/Al‘2O3 molar ratio is from 4 to less 
' than 5, the LEO/A1503 molar ratio is from 0.75 to 
. 0.97; and ' 

b.- when the SiO2/Al2O3 molar ratio is ‘from 5 to 7.5 
the ‘LEO/A1203 ‘molar ratio is from 0.67 M97; and 

c. when the SiO2/Al2O3 molar ratio is more than 7.5 
and less than 9, the Li2O/Al2O3 molar ratio is from 
0.8 to 0.97; and 

d. when the SiO2/Al2O3 molar ratio is'more than 9 
and up to 10, the LizOlAlzOa molar ratio is from 
0.87 to 0.97. ' 

, said glass-ceramic article having a coef?cient of linear 
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thermal expansion of ~12 to +12 X 10‘7 (0°—700°C). 
34. A thermally crystallizable glass capable of being 

thermally in situ crystallized to a glass-ceramic which is 
thermally stable at temperatures of about 1,500°F for 
at least 1,000 hours, said glass consisting of the follow 
ing ingredients, exclusive of ?ning agents: 

Ingredients Weight Percent 

SiOz 52 — 78.4 
Algog 12.8 — 27.5 
LizO 2.4 — 7 
ZnO 0.25 — 6.7 
Nucleating Agent 3 - 9 

wherein said nucleating agent is selected from the. 
group consisting of ZrOz and a mixture of TiOz and 
ZrOz and wherein the Zr02 is present in an amount not 
in excess of 3% by weight, but is at least 0.5 weight 
percent, wherein the SiO,jAl2O3 molar ratio is from 4 
to 9 and the ZnO + Ugo/A1203 molar ratio is 1, and 

a. when the SiO2/Al2O3 molar ratio is from 4 to‘ less 
than 5, the LEO/A1203 molar ratio is from 0.55 to 
0.91, and the ZnO/Li2O molar ratio is from 0.06 to 
0.5; and ‘ i ‘ 

b. when the SiO2/Al2O3 molar ratio is from 5 to 8, the 
LEO/A1203 molar ratio is from 0.55 to 0.93, and 
the ZnO/Li2O molar ratio isfrom 0.04 to 0.5; and 

c. when the SiO2/Al2O3 molar ratio is from more than 
8 up to 9, the LEO/A1203 molar ratio is from 0.8 to 
0.93, and the ZnO/Li-2O molar ratio is from 0.04 to 
0.5; and 

d. the glass contains in weight percent no more than 
0.2 K20, or 0.2 NazO, or 0.2 (Na2O + K20). ‘ 

35. A glass-ceramic article dimensionally stable at 
temperatures up to about 1,500°F for at least 1,000 
hours and retaining its modulus of rupture of at least 
about 13,000 psi when subjected to said temperatures 
for said times, said article being formed by thermally in 
situ crystallizing a glass consisting of the following in 
gredients, exclusive of ?ning agents: 

ingredients Weight Percent 

SiOz 52 - 78.4 
AIZOQ [2.8 - 27.5 
U20 2.4 - 7 



3 5,970,463 
27 28 

I {uminucd 0.9 l , and the ZnO/LiHO molar ratio is from 0.06 to 
0.5; and lag: edienls Weight l’crcent 

" h. when the Si()._./Al._.()_-, molar- ratio |s from 5 to X. the 
' 1 

?srkming Age," "mi l.i._,()//\l._,():| molar ratio is from 0.55 to 0.93 and the 
5 ‘ Zn()/Li2() molar ratio is from 0.04 to 0.5; and 

c. when the Si()2/Al2()3 molar ratio is from more than 
wherein said nuclcating agent is selected from the ' 3 up 10 9. U10 [lilo/N203 In?ll" rllli? is from 0.8 m 
group consisting of Zr()-_, and a mixture ol~ 'l'i()-_, and ‘0.93 and the Zn()/Li2() molar ratio is from 0.04 to 
Zr()._, and wherein the Zr()._. is present in an‘amountnot m 0.5;‘ and 
in excess ol‘ 3'7: by weight, but is at least 0.5 ‘weight d. the glass resulting glass-ceramic contains in weight 
percent, wherein the Zn() + l.i2()//\l._,();x molar ratio is percent no more than 0.2 K20. or 0.2 Na2() or 0.2 
l. and wherein the Si()-_,/Al2()3 molar ratio is from 4 to (Na._,() + K20). 
9 and said glass-ceramic having a coefficient of linear thermal 

a. when the Si()-_,/Al._.()a molar ratio is from 4 to less l5 expansionol ---l2 to +l2 X l()"7 (0°-700°C). 
than 5. the l.i._,()/Al._.()a molar ratio is from 0.55 to * * * * * 

30 

35 

40 

50 

55 



UNITED STATES PATENT OFFICE 

CERTIFICATE OF CORRECTION 
PATENT NO. ; 3,970,h63 

DATED ; July 20, 1976 

INVENTOR“) ; Jerry L. Planchock, Daniel R. Stewart, Thomas W. Brock 

It is certified that error appears in the above-identified patent and that said Letters Paten 
are hereby corrected as shown below: 

Col. ll, Table VI, line 17, under "ingredients (weight percent)", 
change "meg/41203" to --- SiO'g/AlgO ---. ' 

Col. 16, line 35, after "65" insert --- while ---. 
Col. 18, line 12, "crystallinne" should be --- crystalline ---. 
Col. 19, line 20, "recuperatore" should be --- recuperator ---.. 
001. 23, Claim 21, line 38, "13,00" should be --- 13,000 ---; 

line 56, before "1'', insert --- ( ---. 
Col. 2LT, Claim 25, line 36;‘after "is" insert‘ --- 4 ---. 
Col. 2LT, Claim 26, line 53, after "A1203" insert -: Li20 -‘--. 
Col. 2LT, Claim 27, line 59, after "A." insert --- a ---. 

' Col. 25, Claim 31, line 18, after "a." insert --- a ---. 
Col. 26, Claim 3LT, line #3, after "is" insert --- < ---. 
Col. 27, Claim 35, line 13, before "1" insert --- Z ---. 

Signed and Seated this 
Eighteenth D3)‘ of January 1977 

[SEAL] 
Arrest: 

RUTH C. MASON C. MARSHALL DANN 
Arresting Officer Commissioner oj'Parems and Trademarks 


